We now report that bardoxolone methyl (BARD) ameliorates ischemic murine AKI as assessed by both renal function and pathology. We also show that BARD may exert its beneficial effect by increasing expression of genes previously shown to protect the kidney against ischemic AKI, NF-E2-related factor 2 (Nrf2), peroxisome proliferator-activated receptor-␥ (PPAR␥), and heme oxygenase 1 (HO-1) (9, 19, 38, 42, 45, 53) .
We localized expression of these protective genes after ischemia and BARD treatment. To our knowledge, these are the first studies to localize protein expression of these genes and their relationship with one another in nonischemic and ischemic kidneys. We found Nrf2 and PPAR␥ on glomerular endothelia in the cortex. Nrf2 was also present on cortical peritubular capillaries. In contrast, HO-1 was localized to different cells: tubules and interstitial leukocytes. Although Nrf2-dependent increases in HO-1 have been described, our data suggest that BARD's effects on HO-1 are Nrf2 independent (2, 41, 63) .
METHODS
Mice. All animal care and procedures were approved by the UT Southwestern Medical Center Institutional Animal Care and Use Committee. Male C57BL/6 mice, aged 6ϳ8 wk, were supplied by the Mouse Breeding Core of the University of Texas Southwestern Medical Center. The mice were anesthetized with isoflurane and placed on a heated surgical pad. Rectal temperature was maintained at 37°C using a TR100 system with a rectal probe (Fine Science Tools, Heidelberg, Germany). After a midline abdominal incision, the renal pedicles were exposed by blunt dissection, and a microvascular clamp (Fine Science Tools) was applied for the left kidney for the indicated period of time. After 23 min, the clamp and the right kidney were removed. The incision was closed using a 5-0 suture and surgical staples. "Sham" surgery was the same as the above, but the microvascular clamp was placed underneath the renal pedicle without occluding the renal blood flow.
BARD administration. Thirty milligrams of BARD (lot no. 520-05-11-56, Reata) was dissolved in 30 ml of sesame oil (lot no. PH05082304, Voigt Global Distributors). BARD or vehicle was administered to mice at 20 mg/kg by gavage before renal ischemia, as detailed in RESULTS. Histopathology. Kidneys were fixed in 10% formalin 4 h before routine processing and paraffin embedding. Kidney sections (2 m in thickness) were stained with hematoxylin and eosin. The pathological examination of sections by light microscopy was performed. Neutrophils were stained with napthol AS-D chloracetate esterase (Sigma). A terminal transferase-dUTP nick-end labeling (TUNEL) assay was performed using the Promega DeadEnd Fluorometric TUNEL System.
Immunohistochemical analysis. Renal tissue was fixed by 10% formalin and embedded in paraffin. The following antibodies were used: rabbit polyclonal Nrf2 (Abcam, Cambridge, MA) and rabbit polyclonal HO-1 (Abcam). Paraffin tissues were treated by microwave oven heating in 0.01 M sodium citrate buffer with pH 6.0 after gradual dewaxing. Following microwave treatment, slides were incubated with the rabbit anti-mouse Nrf2 antibody (Abcam) for 1 h at room temperature. Endogenous peroxidase was inactivated by incubation in 0.3% hydrogen peroxide in methanol, and endogenous biotin was blocked by a streptavidin-biotin block system. Sections were incubated with biotinylated secondary antibody and peroxidase-labeled streptavidin and stained with 3,3-diaminobenzidine (Santa Cruz Biotechnology, Santa Cruz, CA). Slides were then treated by another round of microwave heating as described above. Sections were incubated with the rabbit anti-mouse PPAR␥ antibody (Abcam) overnight at 4°C and incubated sequentially with biotinylated antibody and alkaline phosphatase-conjugated streptavidin (Abcam). Finally, the slides were developed with Fast Red (Santa Cruz Biotechnology) to produce a pink color after blockage of endogenous alkaline phosphatase by levamisole.
For HO-1 staining, paraffin tissues were treated by microwave oven heating in 0.01 M sodium citrate buffer (pH 6.0) after gradual dewaxing. Following microwave treatment, slides were incubated with the rabbit anti-mouse HO-1 antibody (Abcam) for 1 h at room temperature. Endogenous peroxidase was inactivated by incubation in 0.3% hydrogen peroxide in methanol, and endogenous biotin was blocked by the streptavidin-biotin block system (Santa Cruz Biotechnology). Sections were incubated with biotinylated link antibody and peroxidase-labeled streptavidin and stained with 3,3-diaminobenzidine (Santa Cruz Biotechnology). Finally, slides were counterstained by hematoxylin (Sigma).
Confocal microscopy. Kidney tissues were frozen in OCT medium (Tissue-tek, Torrance, CA) and stored in liquid nitrogen. Serial sections were cut at 4 m, placed onto slides, and cold acetone-fixed for 30 min at room temperature. Then, the slides were rinsed three times in PBS (pH 7.4) for 5 min each and blocked with 10% goat serum (Sigma) for 1 h in room temperature. For CD31 and PPAR␥ double staining, the slides were incubated with rat anti-mouse CD31 mAb (BD Biosciences Pharmingen) and rabbit-anti-mouse PPAR␥ (Abcam) overnight ϩ4°C. For CD31 and Nrf2 Double staining, rat anti-mouse CD31 mAb (BD Biosciences Pharmingen) and rabbit anti-mouse Nrf2 mAb (Abcam) were used as the primary antibodies overnight at ϩ4°C. After washing with PBS, the slides were incubated with both Alexa Fluor 594 goat anti-rabbit (Molecular Probes) and Alexa Fluor 488 goat anti-rat (Molecular Probes) for 2 h at room temperature in the dark. As negative controls, isotype-matched antibodies were used. The slides were mounted in fluorescent mounting medium (Dako) and sealed after washing three times in PBS. Fluorescence analysis was established with confocal laser-scanning microscopy (LSM510 META, Ziess).
Quantification of morphological data. Slides were analyzed in a blinded fashion. The number of positive glomerular signals in at least 20 glomerular cross sections was counted, and the average number of positive signals in one glomerular cross section was calculated. The number of peritubular signals in at least 20 microscopic high-power fields (ϫ400) of the cortical interstitium was counted, and the average number of peritubular signals per high-power field was calculated. The number of vasa recta positive signals was calculated as for the peritubular fields. Values were expressed as number of signals per glomerular cross section or per microscopic high-power field. Based on the intensity and distribution of HO-1 staining, the degrees of HO-1 staining were classified into 0 -4 points as follows: point 0, no staining; point 1, weak and focal; point 2, weak and diffuse or moderate and focal; point 3, moderate and diffuse or strong and focal; and point 4, strong and diffuse.
Analysis of RNA abundance. Total RNA was isolated from kidneys with TRIzol reagent (Invitrogen, Grand Island, NY) according to the manufacturer's recommendations. Samples were checked for degradation of total RNA on 2% agarose gels. RNA concentrations were determined by spectrophotometric measurements at wavelengths of 260/280 nm. Semiquantitative RT-PCR was performed. Primers used for GAPDH were 5=-GGA TGC AGG GAT GAT GTT C-3= (sense primer) and 5=-TGC ACC ACC AAC TGC TTA G-3= (antisense primer), for Nrf2 were 5=-CTC GCT GGA AAA AGA AGT G-3= (sense primer) and 5=-CCG TCC AGG AGT TCA GAG G-3= (antisense primer), and for HO-1 were 5=-TAA GAC CGC CTT CCT GCT CAA CAT-3= (sense primer) and 5=-TGC TGG TTT CAA AGT TCA GGC CAC-3= (antisense primer). Each PCR reaction mix contained 1.5 U of Taq DNA polymerase (Invitrogen), 0.1 mM dNTP, 50 mM MgCl 2, 20 mM Tris·HCl (pH 8.4), 1 l cDNA, and 50 nM of sense and antisense primers in a final volume of 50 l. PCR conditions were as follows: for GAPDH and Nrf2, denaturation at 94°C for 50 s, annealing at 58°C for 45 s, and extension at 72°C for 1 min for 35 cycles; for HO-1 and PPAR␥, denaturation at 94°C for 1 min, annealing at 53°C for 45 s, and extension at 72°C for 1 min for 35 cycles. After completion of RT-PCR, PCR products for GAPDH, Nrf2, HO-1, and PPAR␥ from each sample were combined and electrophoresed on a 2% gel for 1 h at 110 V. The gel was stained with ethidium bromide for 30 min, visualized with ultraviolet illumination, scanned, and analyzed using digital imaging. No PCR products were detected in the absence of RT. Assays were done in triplicate.
Statistical analysis. Values are means Ϯ SE calculated using SigmaPlot unless stated otherwise.
RESULTS

BARD ameliorates ischemic AKI by both functional and pathological measures.
We began our studies by showing that BARD had no effect on the function of normal kidneys (Fig. 1A) . However, BARD did have a major beneficial effect on ischemic AKI as assessed by both renal function and pathology. In the vehicle group, the blood urea nitrogen (BUN) increased from 24 to 50 mg/dl at day 1 of reperfusion and decreased to 33 mg/dl by day 3 of reperfusion; in contrast, mice given BARD only increased their BUN to 29 mg/dl (Fig. 1B) . We also compared the pathology of BARD-and vehicle-treated kidneys, particularly because the kidney may not recover completely from any structural injury (60) and because pathology is not always correlated with renal function (59) . We confirmed the beneficial functional effect of BARD on structural injury ( Fig. 2A) . The data are shown in two ways: morphometry that summarizes the data from five kidneys/group (Fig. 2 ) and representative photomicrographs (Fig. 3) . Morphometry was performed on hematoxylin and eosin slides by our pathologist, X. J. Zhou, who had no knowledge of the treatment of the kidneys. We used a previously reported scoring system (58) . The cortex and outer medulla were evaluated for epithelial necrosis, loss of brush border, tubular dilation, and cast formation. The slides were scored on the basis of the percentage of affected tubules: 0, none; 1, Ͻ10%; 2, 11-25%; 3, 26 -50%; Fig. 4 . BARD increases renal NF-E2-related factor 2 (Nrf2), peroxisome proliferator-activated receptor-␥ (PPAR␥), and heme oxygenase-1 (HO-1) mRNA abundance in surgically unmanipulated kidneys: densitometries. Kidneys were harvested 3 or 6 h after a single injection of BARD; n ϭ 6/group. Average and standard ratios of the RT-PCR are shown. P values are comparisons between the indicated groups by t-test. 4, 51-75%; and 5, Ͼ75%. At least 10 high-power fields (ϫ400) were scored for each slide. As reported by others (8, 22, 35, 40, 46, 55) , there was more ischemic injury in the outer medulla than the cortex. BARD ameliorated structural injury in both areas. Inflammation exacerbates ischemic AKI (14, 24, 25, 27, 49) . We therefore also analyzed inflammation of BARD-vs. vehicle-treated ischemic kidneys. Figure 2B shows that there was less inflammation after BARD treatment. Fig. 6 . BARD increases renal Nrf2 (A), PPAR␥ (B), and HO-1 (C) mRNA abundance after IR: densitometries. The y-axis shows the ratio of densitometry of the indicated gene to the densitometry of GAPDH. IR, ischemia caused by clamping the renal arteries, followed by the reperfusion times shown on the x-axis; S, sham surgery where a clamp was placed under the renal arteries and no occlusion of the renal arteries occurred. P values are by 1-way ANOVA of all treatment groups at a given reperfusion time, followed by the StudentNewman-Keuls method applied to the indicated groups. Representative photomicrographs of kidneys from BARDvs. vehicle-treated mice are shown in Fig. 3 . The low-power views (Fig. 3, A and B) show greater injury in the kidneys from vehicle-treated mice. The high-power views (Fig. 3, C and D) show tubular necrosis, designated by "N," and polymorphonuclear leukocytes, only in the vehicle-treated kidneys (Fig. 3C ). Neutrophils were identified by esterase staining. Figure 3 , E and F, shows greater apoptosis, defined by TUNEL staining, in the vehicle-treated kidneys. Although the TUNEL assay is widely used to detect apoptotic cells, some necrotic cells may also be detected. Our data are compatible with previous reports that cell death during ischemic AKI occurs by both necrosis and apoptosis (23, 47) and that cell death in general is decreased by BARD.
We also found that a single dose of BARD, 2 mg/kg given 3 h before renal ischemia, ameliorated ischemic AKI. At 24-h reperfusion, the serum creatinine was 2.15 Ϯ 0.41 mg/dl in vehicle-treated and 0.97 Ϯ 0.11 mg/dl in BARD-treated mice; n ϭ 5 in each group, P Ͻ 0.04 by t-test between the vehicle and BARD groups. We used this single-dose regimen in the experiments below.
BARD increases Nrf2 on glomerular and peritubular capillaries during ischemic AKI. Having shown a beneficial effect of BARD on ischemic AKI, we now investigated potential mechanisms. We chose to start by investigating the effect of BARD on the putative protective gene Nrf2 for several reasons. First, Nrf2 is a transcription factor that activates genes that protect cells from oxidant stress (44) such as that occurring during ischemic AKI (43) . Second, although Nrf2 has been shown to ameliorate ischemic AKI through the use of transgenic Nrf2 knockout mice and pharmacological manipulations (31, 38, 67) , the effects of BARD and/or renal ischemiareperfusion (IR) on the kinetics of gene expression and on the localization of the protein have not, to our knowledge, previously been investigated. Previous studies of Nrf2 have focused on its posttranslational regulation by oxidative stress (44) . We now show that Nrf2 mRNA abundance is also regulated. In the absence of ischemic injury, we found that BARD increased Nrf2 mRNA abundance. The results from six kidneys/group are summarized by the densitometry in Fig. 4 , and a representative gel is shown in Fig. 5 . Both figures indicate that at 3 and 6 h after a single oral dose, BARD increased the renal mRNA abundance of Nrf2. We also examined renal Nrf2 mRNA abundance at 4-, 8-, and 24-h reperfusion. Figure 6 summaries the densitometry of six kidneys/group, and Fig. 7 shows the results of a representative RT-PCR gel. At 4 h after surgery, both densitometry (Fig. 6 ) and visual examination (Fig. 7) showed that BARD or ischemia increased NRF2 mRNA. The small, but statistically significant differences by densitometry between BARD-IR vs. BARD-sham (S) vs. vehicle-IR are not seen by visual inspection and were so small that they are unlikely to be biologically important. At 8 h after surgery, both densitometry and visual examination showed vehicle-IR had greater Nrf2 mRNA than vehicle-S, that BARD-S Nrf2 was at least equal to vehicle-IR Nrf2 mRNA, and that BARD-IR had the greatest Nrf2 mRNA of all groups. At 24 h after surgery, all groups had low baseline levels of Nrf2 mRNA. The greatest differences between the various groups occurred at 8 h after surgery. Note that the renal artery clamping was always performed after BARD administration, when expression of the protective genes was already occurring.
In addition to assaying mRNA abundance, we used immunohistology to both assess protein abundance and also protein localization. Figure 8 shows the semiquantitative analysis of Nrf2 protein determined by immunohistology. Six kidneys per group were immunostained for Nrf2, and the slides were examined and scored for the number of positive endothelial cells in the glomeruli and peritubular areas. This figure shows that 1) IR increased protein expression of Nrf2 above that of sham-operated kidneys, 2) BARD increased protein expression above that of vehicle-treated sham-operated kidneys, and 3) maximal protein expression was found after both BARD and IR. Figure 9 , A and B, shows representative photomicrographs of BARD-induced increases in Nrf2 protein after IR. Figure 10 shows that the increased Nrf2 was on glomerular endothelial cells. Double immunofluorescence staining shows colocalization of Nrf2 and the endothelial marker CD31 in glomeruli. Figure 11 shows the increased Nrf2 on cortical peritubular capillaries.
BARD increases PPAR␥ on glomerular capillaries during ischemic AKI. BARD might also ameliorate ischemic AKI by its effect on PPAR␥, another putative protective gene, during ischemic AKI. Previous studies have focused on the posttranslational regulation of PPAR␥, which is its activity as a transcription factor after it is bound by ligands such as thiaglitazones, but the effect of IR and pharmacological agents on the abundance of PPAR␥ mRNA and protein was not explored. We now show that BARD increased mRNA abundance in the absence of IR (Figs. 4 and 5) . Furthermore, at 4 h of IR, both densitometry (Fig. 6 ) and the visual inspection (Fig. 7) show increased PPAR␥ expression in both BARD-IR and BARD-S groups compared with the vehicle-IR and vehicle-S groups. Although densitometry showed a further increase in the BARD-IR group compared with the BARD-S group, this was not apparent on visual inspection. In addition, both densitometry and visual inspection show that at 8-h reperfusion, the vehicle-S group had the least PPAR␥ mRNA, BARD-S and vehicle-IR had similar increased PPAR␥ expression, and BARD-IR had the greatest expression of all. Maximum PPAR␥ mRNA occurred at 8-h reperfusion. We also found that either BARD or IR increases PPAR␥ protein and that maximal protein expression occurred after the combination of both BARD and IR (Figs. 12 and 13) . Double-staining immunofluorescence using anti-PPAR␥ and anti-CD31, an endothelial marker, showed that BARD was localized to glomerular endothelium (Fig. 14) . Overall, the increased PPAR␥ expression and localization after BARD was similar to that of Nrf2 discussed in the previous section.
BARD and IR increase HO-1 protein in tubules and leukocytes. Finally, BARD might ameliorate ischemic AKI by its effect on HO-1. In many studies, increasing HO-1 expression ameliorated ischemic AKI (reviewed in Ref. 42 ). Similar to Nrf2 and PPAR␥, we found that BARD and IR increased HO-1 mRNA and protein (Figs. 4, 5, 6, 7, and 15) . In contrast to Nrf2 and PPAR␥, we found localization of HO-1 protein on tubules and interstitial cells instead of endothelia at 8-h reperfusion. Figure 16 shows the prominent HO-1 immunostaining in BARD-compared with vehicle-ischemic kidneys (Fig. 16, A  and B) . HO-1, shown by arrows, is mostly localized to tubules. Figure 16C shows a high-power view of HO-1 protein on tubules and interstitial leukocytes.
DISCUSSION
Our data show that BARD ameliorates ischemic AKI by both functional and pathological measurements. We also show that BARD may exert its salutary effect by increasing the expression of three protective genes: Nrf2, HO-1, and PPAR␥.
One protective gene is Nrf2. In response to oxidative stress, such as that occurring during ischemic AKI (reviewed in Ref. 42) , this transcription factor activates antioxidant genes (44) and ameliorates ischemic AKI. This protective role for Nrf2 is based on the following observations. Nrf2 is activated in wild-type kidneys during IR (31) . Pharmacological activation of Nrf2 by sulforaphane ameliorated ischemic AKI (67) . Inactivation of Nrf2 by transgenic knockout decreased expression of adaptive genes (38) , increased oxidative stress during ischemic AKI (15) , and exacerbated ischemic AKI. Despite these published data, details of how Nrf2 is regulated, the kinetics of Nrf2 expression, and the precise localization of Nrf2 in the ischemic kidney had not previously been examined.
We addressed three previously unexplored issues in the course of showing that BARD increased Nrf2.
Regulation. Most previous studies of Nrf2 regulation have focused on its posttranslational regulation by KEAP (11, 31) . Both ROS and BARD have been reported in other models to inactivate KEAP and thus prevent degradation of Nrf2; the resulting increased Nrf2 protein acts as a transcription factor to activate downstream adaptive antioxidant genes (30, 44, 64) . We now show that IR also increases Nrf2 mRNA abundance; this is an additional regulatory mechanism.
Kinetics. We also showed that maximal Nrf2 expression occurred at 8-h reperfusion.
Localization. We show Nrf2 protein expression on endothelia of the glomeruli and cortical peritubular capillaries at 8-h reperfusion.
Although the many studies of BARD have emphasized its action via stabilization of Nrf2, comparison of microarray studies on KEAP conditional knockout mice which overexpress Nrf2 vs. administration of a BARD-like compound indicate that there are Nrf2-independent beneficial effects of the drug (65) . This is consistent with the additional beneficial effects of BARD on PPAR␥ and HO-1 production that we describe below.
The second renal-protective gene we examined was PPAR␥. Most previous studies have concentrated on the effect of ligands, such as thioglitazones, that bind to PPAR␥ and cause this transcription factor to then activate beneficial downstream genes. Such studies have shown a beneficial effect of PPAR␥ on ischemic AKI (9, 45, 53, 69) and chronic kidney disease (6, 18, 21, 50) . In contrast to these studies, we found that BARD and IR increased the mRNA and protein abundance of PPAR␥. This is an important distinction because the downstream effects of PPAR␥ are complex. They include not only the above ligand-dependent effects but also ligand-independent activation of downstream genes (16, 61, 72) . The latter effects may be independent of pharmacological agonists, but may be altered by the increased abundance of PPAR␥ mRNA and protein that we found after BARD and IR. Although a beneficial role for PPAR␥ has been suggested, the protein has not previously been localized during ischemic AKI. We now demonstrate PPAR␥ on glomerular endothelia by immunohistology. This is a similar localization to Nrf2, as discussed above, but different from HO-1, discussed below.
Finally, we examined the effects of BARD on HO-1. HO-1 has previously been proposed as a protective gene during ischemic AKI. On the one hand, the HO-1 knockout mouse has increased ischemic AKI, but on the other hand, other manipulations of HO-1 have variable effects on injury. In some circumstances, too much HO-1 has been harmful; apparently HO-1 is protective if expressed in the right amounts at the right time by the right cells (42) . If BARD ameliorates ischemic AKI by increasing HO-1, it may do so by satisfying these requirements. We found that BARD and IR increased HO-1 mRNA and protein abundance. Although it may be difficult to localize HO-1 (42, 71) during ischemia, we were able to demonstrate this protein on renal tubules and leukocytes. The benefit of increased HO-1 on tubules may be decreased apoptosis of these cells during ischemic AKI (13) . The benefit of HO-1 on leukocytes may be its anti-inflammatory actions (54) .
Both PPAR␥ (4, 5, 12, 28, 29, 36, 48, 51, 62, 70) and Nrf2 have been proposed as transcription factors that activate the HO-1 gene. However, we found that PPAR␥ and Nrf2 were localized to endothelia, while HO-1 was localized to tubules and leukocytes. This suggests that other transcription factors regulate HO-1 during ischemic AKI (2, 19, 52) .
How can BARD have such multiple effects, on Nrf2, PPAR␥, and HO-1 in endothelia, epithelia, and also leukocytes? Indeed, such multiple effects were the goal of the original producers of BARD, who were aiming to develop a new class of pharmaceuticals that modulate regulatory physiological networks, rather than specific enzymes or cell surface receptors in the manner of classic drugs (34, 56) . Although the precise mechanisms of BARD are unknown, several have been proposed that account for the multiplicity of beneficial effects. BARD may form Michael adducts with only a few specific cysteine, lysine, arginine, and histadine residues on specific proteins (56) . If these are key regulatory proteins, then multiple effects may result. Examples follow. BARD may bind to and inhibit IB kinase ␤ (IKK␤) and thus prevent activation of NF-B and the NF-B-regulated proteins (1, 68) . BARD may alter Smad and ERK signaling (20, 57) or STAT signaling (33, 37) and thus other fundamental cellular responses to stress. By identifying which cells express putative protective genes after BARD treatment, we have made an important forward step in understanding the mechanism of this agent in ischemic AKI. Future studies, including those using BARD simultaneously with conditional knockout of the putative protective genes on specific cells, are needed to fully understand this agent.
Although we now report that BARD was effective in preventing ischemic AKI when given before the injury, we also found that giving BARD 4 h after ischemic injury did not ameliorate disease. Thus BARD may be effective as a therapeutic agent given before expected renal ischemia, for example, before cardiac surgery. Furthermore, progressive chronic kidney disease may result from repeated subclinical episodes of ischemic AKI (60) , and chronic administration of BARD, before such episodes, might ameliorate progression to endstage renal disease. Recently, CDDO-IM, a compound similar to BARD, has been reported to ameliorate cisplatin AKI (3). We also found that BARD ameliorates this disease (see Supplemental Fig. S1 , and Supplemental Methods and Results; all supplementary material for this article is available online at the journal web site).
In conclusion, we found that BARD ameliorated murine ischemic AKI as measured by function and pathology. In addition, we found that BARD increased mRNA and protein expression of the renal-protective genes Nrf2, PPAR␥, and HO-1, the former two genes on endothelia and the latter gene on tubules and leukocytes. Altogether, our data suggest that BARD may be a useful tool both for treating renal disease and for understanding the mechanisms that protect the kidney from injury. 
